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I. INTRODUCTION 
The purpose of this thesis is to describe investigations into recipro-
city failure of photographic emulsions which are exposed for extremely 
short periods of time. The need for such a study arose with the advent 
of new , high resolution airborne radar systems, having very h i gh sweep 
rates, and a spectral output in the ultraviolet region of the spectrum. 
The ultimate end toward which this work is directed is the assembly of 
a library of basic data from which the proper photographic system can 
be chosen which will give satisfactory results for any combination of 
tube phos phor, sweep rate, and associated electronic apparatus in a 
radar system. 
In conventional photography, the object is externally illuminated. 
The image of the object exists in the image plane in its entirety for a 
finite period of time, determined by the shutter speed. The exposure 
at any point in the image of such an object depends on the intensity of 
light at the point, and the length of time the image point is exposed to 
its corresponding object point through the imaging system. 
The image displayed on the screen of a radar system is neither ex-
ternally illuminated, nor does it have continuous form. It is produced 
cyclically, a spot at a time, by a narrow beam of electrons impinging on 
a fluorescent screen. The total exposure at any point on the film is a 
function only of the spot intensity at the corresponding point on the screen 
and the elapsed time between the arrival of the first edge and the depart -
ure of the last edge of the scanning spot, assuming zero persistence. As 
the spot travels faster, the total amount of energy received at any point, 
[ _ _ ___ _ 
and hence the resultant spot intensity, will be less . A decrease in ex-
posure will result from both a more rapid scan and decreased s pot in-
tensity. 
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The very short exposure times encountered in this type of photography 
require an examination of the reciprocity law . It states that the photo-
graphic response to radiation depends only on the product of intensity 
and time (exposure). Deviations from the law occur at both very long 
and very s hort exposure times. The latter case concerns us here. 
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II. THEORETICAL BACKGROUND 
In the early days of photography, it was an accepted fact that the 
amount of darkening of a photographic plate due to light was proportional 
to the p roduct of intensity and exposure time . This idea, first set 
forth as the Bunsen and R o scoe reciprocity law in 1862, 1 stated that 
the amount of darkening thus p roduced was independent of exposure 
time. 
Deviations from this law were not discovered immediate ly, as the 
law is essentially correct over a limited range of variation of intensity 
and exposure time . The early discoveries of reciprocity law failure 
were made in connection with photography of stars, in which the mag-
nitude difference between two stars was found to be larger when meas -
ured photog raphically than when computed photometrically. 2 
Not long after this discovery, experiments were performed which 
covered a much wider range of exposure intensity . These experiments 
indicated that there was an expo s ure time for which the total exposure 
{intensity x time) was a minimum to yield a specified density under 
. d 1 d" . 3 g1ven eve opment con 1tlons. 
In order to explain the phenomenon of reciprocity failure, it is 
necessary to discuss the mechanism of latent image formation and its 
relation to the physic s of the crystalline state. 
The ions in an ionic crystal are situated in regular positions in a 
lattice. If metal and non-metal ions are present in equal numbers, the 
resulting lattice is frequently cubic. Such is the case in a silver halide 
crystal. 
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The energy levels of an ionic crystal are determined by those of 
each of its component ions, and the reactions of the ions upon each 
other due to their very close spacing. The energy levels of each ion 
are in turn determined by the energy of each electron in the outer shell 
of the ion. The ionic energy levels are a l so dependent upon the prox -
imity of other ions , each having a valence electron in its outer shell . 
In a silver halide crystal , these levels are so closely spaced that they 
form bands , in which individual levels cannot be resolved. 4 
Two rather distinct energy bands exist in such a crystal: a lower 
energy band, completely filled, which is associated with the halide ions; 
and a higher energy conduction band, associated with the silver ions, 
which is normally empty. To cause conduction, energy must be added 
to the crystal, in sufficient quantity so that an electron is released 
from a bromide ion, and becomes free to migrate through the crystal. 
This energy can be supplied by radiation from certain regions of the 
electromagnetic spectrum. 
A small current was observed to be conducted by a silver halide 
crystal in the absence of radiation. This "dark conductivity" was ex -
5 plained by the Frenckel theory, which postulated the existence of in-
terstitial silver ions, or ions which are slightly displaced from their 
regular latti ce positions. These ions are free to move, after which 
other silver ions from the lattice can take their place . In this way, a 
current can be conducted from one end of the crystal to the other . 
We are now prepared to consider the theory of latent image forma-
6 tion, as proposed by Gurney and Mott . They postulated a two-stage 
process by which a stable image was formed: ( 1) an electronic stage, 
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and (2) an ionic stage. The electronic stage proceeds as follows: (a) A 
high energy photon strikes a silver halide crystal, releasing. a photo-
electron from a halide ion into the conduction band. (b) The photo-elec -
tron moves through the crystal until it encounters a defect in the elec -
trostatic field of the crystal. Such defects are produced by the presence 
of ions other than those making up the bulk of the lattice, as , for ex -
ample, sulfide, bromide, or iodide ions in a crystal which is composed 
largely of chloride ions . As the diameters of these ions are different 
from the mean diameter of the chloride ion, a local strain is set up in 
the lattice. (c) The electron loses energy at these spots, so that it is 
no longer in the conduction band, and becomes trapped. 
After the electron becomes trapped, the interstitial silver ions 
migrate toward the trapping centers, being attracted by the negative 
charge . They each unite with an electron, and fovm a silver atom, 
which remains in place . About three such trapped silver atoms formed 
per grain is the minimum number which will render the grain complete-
7 ly developable. 
Reciprocity failure at low intensity is believed to result from the 
disintegration of small silver clusters, before they have grown large 
enough to be stable. 8 It is thought that the disintegration takes place 
by the ejection of an electron from a silver atom at a trapping center, 
recreating a silver ion which is then free to migrate. The electron is 
taken up by a halogen atom, converting it to a halide ion again. Only 
the largest centers will remain stable and be rendered developable. 
The h i gh -intensity type of reciprocity failure results from a some-
what different mechanism. 9 Electrons are liberated at a very high rate 
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during exposure, and the exposure has ended before many silver ions 
have moved. The electrons concentrate at the trapping centers, where 
they build up a high negative charge . Silver is depos ite d only as fast 
as silver ions can migrate to these centers. Their movement is very 
slow, due to their relative immobility. The unneutralized electron con -
centration thus repels further electrons from the centers, and the total 
amount of silver which can be deposited at the centers is considerably 
diminished. 
The high concentration of negative charge due to these unneutral -
ized electrons is thought to produce additional traps deep in the crystal, 
which are accessible to the silver ions, but not to normal developing 
10 
agents. Density of the developed latent i mage is less for this reason 
as well. If, however , the latent image is restricted to the interior of 
crystals, reciprocity failure at high intensity disappears. 11 
It is the high -intensity type of reciprocity failure which is of con -
cern in the photography of moving patterns on a cathode -ray tube screen. 
A single point of light must generate the entire pattern on the screen, 
and do this many times per second. Obviously , the total time during 
which the spot is in one location is very short. E xposure times of 
- 4 -7 from 10 to 10 second at one spot, caused by a s ingle sweep, are 
common. 
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III. EXPERIMENTA L MATERIALS AND PROCED URE 
A . Emulsions 
The emulsi ons used in the ear ly part of the work were those on 
which sufficient exposure could be made at 0. 0 1 second in the Eastman 
I -B sensitometer. These were E astman Linagraph Pan, Linagraph 
Ortho, Aerographi c Super -XX, Tri - X, and S0 -1 121. Thus , the precise 
range of times from . 0 1 to 1 . 0 seconds available in the I-B could be 
used for obtaining reciprocity data on these films. 
Later, several slower emulsions were added to this list, when an 
instrument became available whi ch gave light output at . 01 second to 
give sufficient exposure on these emulsions. The emulsions added 
were Ansco Telerecord D -569 and 11 Hi-Skan11 D -643A, Eastman Tele -
vision Recording film 5374, and Ilford Recording film BY -267 0. 
B . E xposure 
A ll emulsions tested we r e exposed on either of two instruments . 
For lower speed exposures, the E astman I-B sensitometer was used. 
It has an exposure range from 1 I 100 second to 1. 0 second , with inter -
mediate steps of 1/50 , 1 /25 , and 1 /1 0 second . For faster exposures, 
E dgerton, Germeshausen, and Grier Mark VI sensitometer was em-
ployed. -2 - 3 - 4 The exposure steps on it are 10 , 1 0 , and 10 second. 
The exposure duration in the Eastman unit is determined by the 
width of a longitudi nal slit i n the surface of a drum which rotates at 
constant angular velocity. The slit rotates past the exposure plane 
once each revolution. It i s illuminated by a standard lamp, mounted 
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base down at one end of the instrument. Light from the 265 0° K. source 
passes through a Wratten 78AA glass conversion filter, and the re suit-
ing 5500° K. light is reflected upward to the exposure plane by a mirror 
insi de the drum; at the exposure plane it is modified by the 21 - step £ 
step tablet . A n auxiliary shutte r at the lamp housing opens when actu-
ated and remains open long enough for a single exposure to take place. 
E xposures on the Eastman sensitometer were made to determine 
the amount of reciprocity law failure between 10 - l second and l 0-2 sec-
ond. A single piece of the film type to be tested, of standard 35 -mm 
width and five feet long, was cut from a r oll. It was indexed every foot 
by a mark which could be identified in the dark. The film was exposed 
in the following manner: the first segment of film was exposed at 0. 01 
second with only the daylight conversion filter, Wratten No . 78AA, in 
place ; the next section was exposed at 0. 02 second, wi th, in addition, 
a piece of Wratten No . 96 filter material with a neutral density of 0. 3 
in the filter compartment; the third and fourth exposures were made in 
a similar manner, at 0 . 04 second and 0.1 second with, respectively, 
pieces of 0. 6 and l. 0 neutral density material in place in the filter com-
partment. The total amount of light reaching the film plane , in all of 
these cases , was approximately the same, depending on the departure 
of the density of the filter material used from its nominal value . Each 
piece of filter was calibrated, as will be described in Section IV . 
The Edgerton, Germeshausen, and Grier unit employs electronic 
circuitry to determine exposure duration. A General Electric type 
FT-1 18 flash tube is mounted i n the base of the instrument . The film 
is placed on a glass plate, at a distance of about six inches above the 
9 
lamp. Exposures are made by closing a switch, which fi res the flash 
tube. The exposure time is chosen by de pres sing a button which inserts 
the proper time constants into the firing circuit. The total light output 
at each of the three speeds is maintained approximately constant by the 
use of variable -area filters, which are supplied with the instrument. 
The effective density of these filters was determined from photometric 
measurements. This p rocedure will be discussed in Section IV. 
In the use of this sensitometer, a strip of film three feet long was 
cut from the reel, and indexed every foot . The first section was ex-
posed at 10-2 second, with the 1. 3 neutral density equivalent filter in 
place. The second section was exposed similarly, at 10 - 3 second, 
with the 2. 0 neutral density equivalent filter in place . The third sec-
tion was exposed at 10-4 second, with no filter in place . 
This procedure works well with the slower films, as there is suf-
ficient light to produce usable density on them at all speeds. For the 
faster films, however, such as were used on the Eastman sensitometer, 
a piece of 2. 0 neutral density filter must be used in the light path, to 
attenuate the light sufficiently to obtain the useful portion of the char-
acteristic curve . These filters must also be calibrated for this instru-
ment . By using a combination of the Eastman I-B sensitometer and the 
Edgerton, Germe shausen, and Grier MK-VI sensitometer, an exposure 
time range of from one second to 10-4 second can be obtained. 
C. Processing 
All processing was performed in roll-film tanks in which the reel 
could be rotated by hand . The tanks were immersed in a bath of running 
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water supplied from a temperature -regulated source . Processing was 
started after the entire system was brought to 68° F. Kodak D - 19 was 
adopted as the standard developer. 
Several strip s of each type of film were developed for periods of 
time bracketing the time at which a gamma of l. 0 could b e expected . 
Characteristic curves and t ime - gamma curves were plotted from t h e 
diffuse density readings made on an Ansco-Macbeth Model 12 densi -
tometer. The time at which a gamma of l. 0 was obtained was adopted 
as the standard processing time for t h e film type under consideration. 
The best development procedure was found through experimentati on. 
A t first, development was carried out in room light, in a covered roll -
film tank. The developer was poured in through the tank cover , and the 
reel agitated by a h andle fitting through the cover . A strictly rotary 
motion was employed. A fter measuring the density of u ppe r and lower 
halves of the resulting strip, it was noticed that degree of development 
was considerably different at the two edges, and that variation in den -
sity was great enough so that an average reading of the two halves was 
meaningless . The next method tried was to fill the tank before putting 
the reel in . The reel was then totally immersed as quickly as possibl e, 
and agitated by rap id rotation. This eliminated the gradation from top 
t o bottom, but p roduced streaks along the length of t h e film w here local 
developer exhaustion took p lace . The final remedy was a gi tation pro -
duced by a combination of up - and-down and rotational motion . This 
produced the most even results of any of the methods tried. 
Unevenness of development occurred most frequently when develop-
ment time was s hort. Those films which required less than two minutes 
1 1 
development time were therefore given an initial wetting by rinsing 
them for 15 seconds in running water at 68° F . This was to insure 
even wetting from the start of the development period. All those types 
requiring longer than two minutes development were not given this in -
itial wetting . 
The following standardized p rocedure was adopted for processing 
all films . One tank was filled with developer at 68° F. A second tank 
was filled with rapid fixer, also at 68° F. The film reel , loaded in the 
dark, was plunged into the developer, and agitated as described above, 
for fifteen seconds . If development lasted for longer than a minute , 
the ree l was agitated once every minute f or a total of five second s. If 
development was for appreciably less than a minute, agitati on was nearly 
continuous, to p romote more even development. At the end of the devel-
opment pe riod, the ree l was washed vigorously in running water for 3 0 
seconds, t h e n was plunge d i nto rapi d fixer. In the f ixing bath, it was 
agitated for the first 3 0 seconds, then once each minute until a total 
of two and a half minutes had elapsed. The film was removed f rom the 
reel and washed in running water for 30 minutes . It was then rinsed 
briefly in Kodak Photo -Flo solution, and hung to dry in free air. 
D . Densitometry 
Establishing a controlled routine for determining the average dens i ty 
of the steps on the processed strips was found to b e no less i mportant 
than the actual p rocessing. An averaging p r ocedure was therefore 
adopted, which gave good results in nearly all cases. 
The Eastman I -B sensi tomete r step tablet holder masks a narrow 
strip down the center of each piece of 35 - mm film, so that this str i p is 
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clear after processing is completed. Two blocks having the same ex -
posure are then found side by side on the film, each of which is about 
1 centimeter square . In reading the wedges, the center of each block 
was placed over the aperture in the lamp housing of the Ansco-Macbeth 
densitometer . A series of readings was made from end to end on one -
half of the strip, then the same procedure repeated for the other half 
of the strip. Readings were started w ith the end having greatest den -
sity, and continued to the end having least density. The zero setting 
and the sensitivity adjustment on the densitometer we re checked before 
and after each half of a strip was read, and more frequently if a serious 
tendency toward drifting of the instrument calibration was noticed. 
The wedges used with the Edgerton, Germeshausen, and Grier sen -
sitometer have no such strip down the middle, and the steps are 5 mil-
limeters wide instead of 10 millimeters. In reading these wedges , the 
sections used were about 3 millimeters from the edge of the exposed 
area on each side, and at the center of the step. The 3 millimeter 
aperture on the Macbeth densitometer was used for making all read-
ings. 
A calibration curve has been prepared, giving the probable error 
in density reading as a function of scale reading. This curve was used 
to correct all readings on the densitometer, prior to plotting any curves. 
The error is moderate below a reading of 2 . 0, but above 2. 5 the error 
becomes serious . In most cases, application of the error function does 
not produce an appreciable shift in the characteristic curve, but fre-
quently the points plotted fall on a smoother curve after the error has 
been taken into account. 
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The readings of density were plotted as a functi on of log exposure 
on standard D -log E paper . The index of absolute log E for all expos-
ure speeds in the Eastman I -B sensitometer had already been deter-
mined and tabulated, so this value was accepted for the films exposed 
normally in it. Determinati on of absolute log E with the neutral den -
sity filters in place was somewhat more complex, however , and is d is-
cussed in Section IV. 
Determination of the value of absolute log E in the Edgerton, Ger-
meshausen, and Grier sensitometer was considerably more complicated. 
The light output of the flash tube was not the same at the three exposure 
-4 times, and at the 10 second exposure, light output showed consider-
able variation between successive flashes. The procedure followed in 
determining a meaningful absolute log E for this instrument w ill also 
be discussed in Section IV. 
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IV. CALIBRATION AND STANDARDIZATION 
A necessary requirement for plotting the characteristic curve of 
an emulsion is t he value of the minimum exposure which the emulsion 
received. This is the 11absolute log E 11 specified on sensitometric plot -
ting paper . It is usually derived somewhat as follows. For the source, 
a lamp is chosen whose intensity is accurately known as a function of 
current. The intensity can be dete rmined by comparison with a stand-
ard lamp . The illumination on a p lane at a specified distance from the 
lamp is then found by dividing the lamp intensity by the square of this 
distance . In sensitometry, the illumination unit conventionally employed 
is the meter -candle . 
The lamp in the I-B sensitometer is normally operated at a low 
current in order to extend its useful life . It is used in conjunction with 
a Wratten 78AA conversion filter, which absorbs a large part of the 
yellow and red output of the lamp . This converts the resulting low 
color temperature to that of daylight illumination. 
The common logarithm of the illumination on the exposure place 
is next determined. A 21-step tablet, with a 0. 15 density increment 
determines the log I value for each step . The value of 11absolute log 
E 11 in meter -candle -seconds is equal to the difference between the 
logar i thm of illumination in meter -candles and the density of the step 
having the highest density, multiplied by the common logarithm of 
the exposure time in seconds. The transmittance of each filter placed 
in the light path, and of the glass step-tablet support, as well as the 
reflectance of the mirror, must be include d in this calculation. 
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The log exposure in the film p lane of the I-B sensitometer at each 
shutter s peed i.s specified in the manual accompanying the instrument, 
provided t he p roper lamp , operated at the s pecified current, is main -
tained at the correct distance from t he exposure p lane. Distance is 
measured on a scale within the instrument opposite an index mark on 
the lamp base. 
A calibration of light output versus operating current has been per -
formed on the I-B sensitometer. The nominal current for the lamp com -
monly used with medium speed films is 3. 6 01 amperes . It was found 
that less than 2 per cent difference in light output resulted if the current 
was maintained b etween 2. 59 and 2. 61 amperes . 
It was mentioned in Section III that pieces of Wratten #96 neutral 
density filter material were used in the I -B sensitometer to reduce the 
light intensity at longer exposure times . As the nominal dens ity is not 
normally guaranteed, an individual calibration was found necessary . 
This was carried out as follows. A length of film long enough for four 
step wedges was cut off and indexed as described before . The emulsion 
used was one which would yield good exposure at 1 I 100 second. It was 
then exposed at 1 I 10 second in the sensitometer, first with no neutral 
density material in the light path, then, consecutively, with the pieces 
of 0. 3, 0. 6 , and 1. 0 neutral density filte r used in the reciprocity 
studies. The strip was p rocessed in the same way as t he earlier ones, 
and density read as before . All curves were p lotted on the same sheet 
of D-log E paper, against the step number as abscissa rather than log E . 
Obviously, if the latter procedure had been followed, the curves would 
have coincided, or nearly so, and measurements would have been much 
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more difficult. The log E shift at density leve l s of 1. 0, 1. 4, and 1 . 8 
was then determined, and this fl logE correction applied to the abso -
lute log E value for each filter . 
The initial calibration of the E dgerton, Germeshausen, and Grier 
MK - VI sensitometer involved the use of a General Radio type 15 01-A 
integrating light meter. The index mark on the window of the 150 1 -A 
was set so that the Polaroid filters were not crossed. The 1501 -A was 
placed on top of the MK-VI so that the window was centered on the ex -
posure plane of the MK-VI. Both instruments were allowed to warm 
up for a few minutes. - 4 E xposure time was set at 10 second. The 
"C ONTR OV' button on the 15 01 -A was depressed halfway , permitting 
the total quantity of light incident on the window to be recorded. The 
flash tube was then fired. After a ten second charging interval , it was 
fired again . This was continued for a total of ten flashes. The meter 
reading was then recorded, after depressing the "CONTRO L" button 
all the way. The meter was permitted to discharge, and after 3 0 sec -
onds thi s entire procedure was repeated, for a total of ten flashes . Ten 
such runs were made at this time setting . 
- 3 The sensitometer was then set at 10 second, and the proper com-
pensati ng filter put into place . Ten more runs were made at this speed, 
in exactly the same manner as just descr i bed. The entire process was 
-2 
repeated at 10 second, with the appropriate filter in place. 
The results from the l 0 - 4 second calibration run were less than 
encouraging. The average value of light output per flash was 5. 96 
lumen-seconds per square foot . The maximum and minimum were 
6. 3 and 5 . 4 lumen-seconds per square foot, representing a standard 
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deviation of 0. 24 lumen - second from the mean. This is a logE differ -
ence of 0. 07 from maximum to minimum, whic h is of the same order 
of magnitude as the change in exposure which will produce the same den -
sity at different exposure times.*' 
At 10-3 second, results were much more consistent. The mean 
reading was 4. 23 lumen-seconds per square foot, per flash, and the 
total energy from ten flashes varied between 42 and 42-1/2 lumen-sec-
onds per square foot i n a ll cases. The corresponding logE difference 
from maximum to minimum output is 0. 005 . This is well within toler -
able limits. 
At 10-2 second, results were only slightly more reliable than at 
-3 10 second. The evaluated logE difference of 0. 00 5 resulted from 
a range of 47.5 to 48. 0 lumen-seconds per square foot for all runs, all 
but one yielding the latter figure . 
To reduce the probable error in assumed exposure from a single 
-2 -3 flash, one strip was exposed at 10 second, two at 10 second, and 
-4 three at 10 second. The average density of a particular step was 
then considered to be produced by the 11average" light output, as just 
described. 
* The instrument is currently being checked by the manufacturer 
to eliminate this variability . 
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V. R ESULTS 
-1 Nine emulsions were exposed to light for periods of from 1 0 to 
10-4 second. Six of these are designed for recording applications; three 
are intended for general purpose continuous tone photography. 
Typical characteristic c ur ves are included at the end of this thesis. 
All curves on one sheet are plotted against a common absolute log E 
value. The deviations between curves thus re present only the effect of 
exposure t ime. 
- 1 For Telerecord 569 , little change in s p eed takes p lace from 10 to 
10-2 second. At l 0-3 second, the chief effect is a great lengthening of 
the toe of the curve, with accompanying speed loss. This loss, as meas -
ured at a density of 0. 5 above fog , is nearly 50 pe r cent in the entir e in-
- 1 - 4 terval l 0 to l 0 second. The upper reciprocity curve in F i gur e 1 
illustrates this loss in s p eed. It should be noted that the gamma is some -
what higher than for the remaining film types. This should affect only: 
the position of the reciprocity curve , however, and not the shap e . 
The Linagraph films also show a loss in speed at s horte r exposure 
times. For L inagraph Ortho, a steady decrease in speed takes place, 
with the total loss being about 50 per cent. As no straight-line curve 
was obtained from the exposures gi ven, it a ppears that the greatest 
speed loss occur s in the toe. The appearance of the reciproc ity curve 
is essenti ally the same as that of the Telerecord 569 curve. 
L inagra ph Pan, which is considerably faster than Linagraph Ortho, 
also shows reciprocity failure at shorter exposure times . It is not as 
serious as in Linagraph Ortho, being only about 25 per cent. Toe shape is 
: 
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the same at all exposure times, the chief factor responsible for a loss 
in speed being a decreasing gamma. As seen in the reciprocity curve, 
- 2 -4 
the speed loss all occurs between 1 0 and 10 second. 
Both Aerographic emulsions show about the same degree of recip -
rocity failure. Aerographic Super - XX film yields a considerable loss 
in toe speed, with an increase in gamma, at shorter exposure times . 
- 1 -4 Speed drops by over 50 per cent in the 10 to 10 second interval. 
S0-11 21 shows a steady drop in both speed and gamma in this time in-
terval, the decrease in speed also being slightly in excess of 50 per 
cent. The loss in speed of these two emulsions is the same as that of 
Linagraph Ortho, as the reciprocity curves are nearly parallel. 
Tri-X performs considerably better than the emulsions discussed 
so far . Gamma declines steadily, but the speed loss is only about 10 
per cent at the half - gamma point, and about 35 per cent at a density of 
0. 5 above fog. The reciprocity failure curve is shown at the bottom of 
Figure 1. 
Two of the emulsions show reciprocity failure in a direction favor -
able for high speed recording. These are Ansco 11 Hi -Skan11 Telerecord 
643A and Ilfo:t:d Blue -Sensitive emulsion BY -2670. The reciprocity 
curves for Type 643A and Type 267 0 are almost parallel , both showing 
a gain in speed of between 15 and 25 per cent, in the 10 -l to 1 0 - 4 sec -
- 4 
ond interval. The toe in the curve at 10 second for Ilford 2670 was not 
obtained, as the density of the first step of the wedge was above fog level. 
The resulting curve is straight throughout its entire length. An estimate 
of the half - gamma speed thus could not be obtained. 
The E astman 5374 Television Recording film shows the lowest 
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-3 -4 
efficiency between 10 and 10 second, and higher efficiency at longer 
exposure times. Gamma increases slightly at shorter exposure times. 
The reciprocity curve is found in Figure 1. 
One of the more significant results of this series of experiments was 
- 2 
the noticeable variation in curve shape obtained at 10 second, between 
the Eastman I-B sensitometer and the Edgerton, Germeshausen, and 
Grier MK-VI sensitometer. The I-B gave a curve with a shallow toe , 
relatively long straight-line portion, and low gamma. The MK - VI, how-
ever, gave a curve with a long sweeping toe, and a shorter straight-line 
portion than the I-B. This was noted on all of the faster group of films; 
that is, those faster than and including Linagraph Ortho. An attempt 
was made to explain this discrepancy by checking for variations in the 
width of the 1 / 100 second slit in the drum of the I-B, and by checking 
uniformity of light intensity over the exposure plane of the I - B . Both 
of these sources of error, however, accounted for only one -half of the 
observed discrepancy. A difference in color temperature and in the 
shape of the exposing pulse exists between the two units, but further 
experimentation will be nece ssary before the effects of these two fac-
tors can be satisfactorily evaluated. 
The speeds of each type of film at the half -gamma point, and at a 
density of 0. 5 above fog, for each exposure time, are listed in Table I. 
Table II lists the time regions in which the efficiency of exposure is 
maximum, and those in which exposure must be increased by half of an 
F: stop or more to obtain the same density. 
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VI. C O NCLUSIONS 
Reciprocity failure may be a serious problem in any photographic 
s y stem which require s extremely s hort exposure times . In some of the 
situations studied, the exposure (product of intensity and time) necessary 
to produce a given developed density must be doubled when the exposure 
-1 -4 time is changed from 10 second to 10 second. This was true of 
Ansco Telerecord D- 569, Eastman Linagraph Ortho, S 0 -1121, Aer o -
graphic Super - XX, and T r i - X . The s peed l oss of Linagraph Pan was 
only about h alf th is amount, in the same exposure time interval. 
Two films, A nsco Telerecord D-643A and Ilford BY -26 70 , increased 
-1 in speed by 50 per cent when exposure time was changed from 10 second 
- 4 to 10 second. Eastman 5374 Television Recording film lost speed fr om 
-1 -3 -4 10 second to 10 second, then l ost no further speed at 10 second. 
In view of th ese observations, it can be concluded t hat if a minimum 
pr ocessing time is required, dictating the use of newer, highl y hardened 
thin emulsions, such as Ansco T elerecord D-569 and D-643A, these must 
also be carefully evaluated in terms of reciprocity failure, before they 
can be judged satisfactory for high-speed recording p urposes. 
There appears to be no evidence of correlation between basic s peed 
and optimum exposure time, as emulsions at both extremes of th e s p eed 
scale fail at shorter exposure times . The th ree emulsions s howing a 
sligh t speed increase at s hort exposure times are of moderate speed, 
and are in a single speed group. 
The reciprocity curves obtained h ere include in general only one 
limb of the full curve. This means that the exposur e time for maximum 
22 
efficiency was not attained . For most films, t his exposure time was 
longer than the longest exposure covered in this work, but for two of 
the emulsions, A nsco Telerecord D- 643A and Ilford Blue - Sensitive 
film BY -2670, this optimum exposure time was shorter than the times 
used he re. 
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VII. RECO MMENDATIO NS 
The experimental work described in this thesis included exposure 
times of 10 - 1 , 10- 2 , 10 - 3 , and 10-4 seconds. Only a limited portion 
of the reciprocity curve can be obtained in this time range. New cath-
ode -ray tube systems, however, have extremely high sweep rates re -
- 8 
suiting in exposure times in a single sweep of as short as 10 second, 
or one-hundredth of a mic r osecond. It is recommended, therefore, that 
- 4 
reciprocity studies be continued into the region beyond 10 second, so 
that the shape of the reciprocity curve in this region may be determined. 
The spectral output of a P - 1 1 and P- 16 cathode -ray tube phosphor 
is much different from that of a daylight or simulated daylight source. 
0 12 The P -11 phosphor spectra l output curve peaks at 4600 A, while that 
0 
of the P - 16 phosphor peaks at 3900 A. These values are considerably 
lower than that of daylight illumination, for which the peak output is at 
0 
5000 A. 13 A proper evaluation of emulsions to be used with these blue 
and violet phosphors should be based on speed and reciprocity data gathered 
from photography of the phosphors themselves . It is also recommended, 
therefore, that sensitometr ic studies be initiated which will use a cathode -
ray tube face as the exposing light source, and that methods be devised 
for measuring the spot intensity, and the effective time during which it 
exposes its image on the film. 
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Figure 6. Characteristic Curves for Eastman Linagraph Ortho Film 
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Figure 7. Characteristic Curves for Eastman S0 -1121 Experimental Aerographic Film 
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TA B LE I. 
TYPICAL VALUES OF GAMMA AND SP EED OBTAINED F O R NINE PHO TOGRA PHIC E MULSI ONS 
Film Type Gamma 'if /2 speed 0 . 5 above fog speed 
(ave r age) 1 /10 1 /100 1 / 1 000 1 / 10 , 000 1 / 1 0 1 / 1 00 1 / 1 0 00 1 / 10,000 
Te 1erecord D -569 1. 35 .41 .41 .29 . 08 . 52 .50 . 33 . 29 
E astman 5374 1. 03 3 2 . 2 1. 7 1.9 1.5 1. 4 1. 2 1.3 
Te1erecor d D -643A .92 6 7 6.5 12 3 . 2 4.2 4.3 4.8 
Ilfo r d 2670 1. 0* 5 7 7 . 5 ? 3 . 4 5 . 0 4.4 5.6 
L i nagraph Ortho 1. 03 2 1 15 14 .12 1 6 13 10 8 . 1 
S0 - 11 2 1 1. 0 9 22 1 8 1 6 11 19 14 11 8 . 5 
A erographic -SXX 0 . 99 4 6 23 20 20 28 2 1 15 13 
Linagraph Pan 1. 00 1 32 1 63 1 55 1 5 1 102 105 93 78 
Tri-X 1. 03 1 78 1 90 195 1 58 1 35 1 29 107 9 1 
* at 1/10 , 000 sec., gamma = 0 , 72 
T A BLE II 
T IME RANGES IN WHIC H RECIPROCITY L AW F A ILURE IS SIGNIFICA NT 
Type Maximum effi ciency regi on 
Telerecor d D -5 69 - 1 longer than 1 0 second 
E astman 5374 -1 longer than l 0 second 
Telerecord D -643A - 3 shor te r than l 0 second 
Ilford 2670 -3 shor te r than l 0 second 
Linagraph O rtho - 1 longe r than l 0 second 
S0 - 11 2 1 - 1 longe r than l 0 second 
A erographi c -SXX - 1 longe r than l 0 second 
L inagraph Pan - 1 -2 between 1 0 - 10 second 
Tri - X - 1 approximately l 0 second 
E xposur e range in which R eci procity 
Law Failure affects exposure by l /2 
F: stop or more 
-3 
shorter than l 0 second 
none encountered 
-1 longe r than 10 second 
- 1 longer than l 0 second 
- 3 
shor ter than 1 0 second 
-3 
shor ter than 10 s econd 
-3 
shor ter than l 0 sec ond 
none encountered 
-4 
shorter than l 0 second 
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A BSTRACT 
Reciprocity failure is defined as the failure of a photographic 
emulsion to obey the Bunsen-Roscoe reciprocity law for photochemical 
reactions . 14 This law, set for th in 186 2, stated that the product of a 
photochemical reaction depended onl y on the total light energy {exposure) 
p r oducing the reaction, and was independent of the rate of application 
of the ener gy. Within fifty years of the publication of the law, its failure 
had been confirmed several times . 15 
The need for the p resent study o f reciprocity failure arises because 
of the v e r y high intensities and high sweep rates used in modern radar 
systems . The sweep rates are such that exposure at the image of one 
spot on the cathode - ray tube screen, due to a single sweep, may be as 
- 8 
small as 10 second. 
Reciprocity failure occur s at both ver y short and ve r y long exposure 
times . It manifests itself as an increase in the exposure which is nee -
essary to produce a given dens ity on a photos ensitive material. 
Nine emulsions were examined in this study. O f these six, Ansco 
Tel erecord emuls ions D- 569 and D-643A, Eastman Linagraph O rtho, 
L inagraph Pan and Tel evision Recor ding emulsion 5374 , and Ilford Blue -
Sensitive emul sion BY - 2670, were designed for recording applications, 
and three, Eastman Aerographic S uper - XX, experimental A e r ographic 
emulsion S0 -1121 , and amateur type T r i - X , for general pur pose photo -
gr aphy. 
Two ins truments wer e used for making exposures in the measure-
ment of reciprocity failure. For the slower end of the time scale, from 
-1 -2 10 to 1 0 second, the Eastman I-B sensitometer was employed, while 
-2 - 4 for the interval 10 to 10 second, the Edgerton, Germeshausen, and 
Grier Mark VI sensitometer was used. The former instrument uses a 
continuously operating tungsten lamp and conversion filter as a light 
source, and a slit in a rotating drum to determine exposure time. The 
latter instrument employs a triggered xenon-filled flash tube as the light 
source, the flas h duration of which is determined by insertion of the p ro-
per time constants in the associated electronic circuitry. The quality 
of light from both units is claimed to closely approximate that of day-
light illumination. 
Both instruments use intensity-scale exposure modulation for ex-
posing the sensitometric w edges. The Eastman unit employs a stand -
ardized, calibrated square-root-of-two wedge, made of cast carbon. 
The Edgerton, Germeshausen, and Grier sensitometer was used with 
an uns tandardized square -root-of-two wedge, which was calibrated as 
a part of this work. 
Measurement of the amount of exposure given by each instrument is 
a requirement for determination of absolute film speed. Both intensity 
of illumination and exposure times are accurately known in the Eastman 
sensitometer, and the resultant values of log e xposure are tabulated in 
the instruction manual. Total exposure in the Edgerton, Germeshausen , 
and Grier unit was found by measurement with a General Radio Type 1501 -A 
integrating light meter. This meter reads lumen - seconds per s quare foot 
directly, which can be converted by geometr ic relations to lumen-seconds 
per square meter (meter-candle-seconds}. 
Considerable variation in light output per flash was noticed in the 
Edgerton, Germeshausen, and Grier sensitometer, particularly at the 
shorter exposure times.* The effect o f this variation was overcome by 
making several exposures at the shorter times, and assuming that the 
average curve from these exposures was produced by the measured mean 
light output per flash . 
Intensity was so changed as to maintain the same expo sure at all 
speeds on each sensitometer. This was accomplish ed by using neutral 
density filter material, whose effective density for this application was 
determined as part of this work. With the Edgerton, Germesh ausen, and 
Grier sensitometer, variable - area filters were supplied, which produced 
the same result. 
Kodak D - 19 was used as the standard developer . It was used full 
0 
strength, at a temperature of 68 F. The sensitometric strips were 
loaded onto a roll-film reel, then plunged into the developer solution and 
agitated by a combination rotary and up-and-down motion. This produced 
the most uniform results . Agitation was intermittent, except when de-
velopment time was appreciably less than one minute, when it was con -
tinuous . 
All films were developed to as close to a gamma of 1. 0 as could be 
readily obtained. In the reciprocity failure studies, all wedges for each 
film type were exposed on a single length of film, and processed at one 
time. A 30 - second rinse and 2 - 1/ 2 minute fixing period followed develop-
ment. The strips were then washed for 30 minutes, rinsed briefly in 
Kodak Photo - Flo s o lution, and hung to dry in free air . 
* The instrument is currently being checked by the manufacturer to 
eliminate this variability. 
The density of each step on the de vel oped sensitometric strips was 
read on an A nsco-Macbeth densitometer, and the characteristic curves 
plotted from these readings. The gamma of each curve was determined, 
as was the speed at the half - gamma point, and at a density of 0. 5 above 
fog level. The data points for the recip rocity failure curves are the ex-
posure values which p roduced a density of 0. 5 above fog level. 
The reciprocity curves clearly s how the change of speed with expos-
ure time. Ansco Telerecord D -569, Eastman Linagraph Ortho , S0-1121, 
and Aerographic Super -XX all show a speed loss of 5 0 per cent or more 
- 1 - 4 
as the exposure time is decreased from 10 second to 10 second. 
Tri-X and Linagraph Pan lose about 25 per cent of their nominal speed 
- 4 
when exposed at l 0 second. 
Ansco Telerecord D -643A and Ilford BY -2670 both show an increase 
-4 in speed of about 20 per cent when exposed at l 0 second, over that at 
second. Eastman Television Recording film 5374 loses speed from 
-3 - 4 to 10 second, then maintains approximately constant speed to 10 
second. The speed maximum occurs at an exposure time longer than 
-1 10 second. 
It is concluded that reciprocity failure can cause a serious l oss in 
speed when extremely short exposure times are encountered. The com-
mon films used in oscilloscope photography , such as Linagraph Pan and 
Linagraph Ortho, show a severe speed loss at very short exposure times. 
If the need for rapid processing dictates the use of very thin, highly 
hardened emulsions , those emulsions used must, in addition, be exam -
ined for reciprocity failure before their application to high -speed re-
cording can be recommended. 
